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ABSTRACT 

When the Sun ascends the red giant branch (RGB), its luminosity will increase and all the 
planets will receive much greater irradiation than they do now. Jupiter, in particular, might 
end up more highly irradiated than the hot Neptune GJ 436b and, hence, could appropriately 
be termed a "hot Jupiter." When their stars go through the RGB or asymptotic giant 
branch (AGB) stages, many of the currently known Jupiter-mass planets in several-AU 
orbits will receive levels of irradiation comparable to the hot Jupiters, which will transiently 
increase their atmospheric temperatures to ^1000 K or more. Furthermore, massive planets 
around post-main-sequence stars could accrete a non-negligible amount of material from the 
enhanced stellar winds, thereby significantly altering their atmospheric chemistry as well as 
causing a significant accretion luminosity during the epochs of most intense stellar mass 
loss. Future generations of infrared observatories might be able to probe the thermal and 
chemical structure of such hot Jupiters' atmospheres. Finally, we argue that, unlike their 
main-sequence analogs (whose zonal winds are thought to be organized in only a few broad, 
planetary-scale jets), red-giant hot Jupiters should have multiple, narrow jets of zonal winds 
and efficient day-night redistribution. 

Subject headings: planets and satellites: Jupiter — Sun: evolution — planetary systems — 
radiative transfer — stars: evolution — stars: AGB and post-AGB 



1. INTRODUCTION 

The "hot Jupiter" class of exoplanets was 
not generally anticipated prior to the discoveries 
of the first plane t s aro u nd main sequen c e star s 
(|Mavor fe Quelod U995t IMarcv fe Butlerl [1996). 
Their existence, however, could have been predicted 
long before then, since the Sun's luminosity will 
increase by a factor of several thousand as it as- 
cends the red giant branch (RGB), thereby turning 
Jupiter into a hot Jupiter in several billion years. 

Roughly 20% of the more than 700 currently 
known exoplanetfQ have masses greater than half of 
Jupiter's, orbital radii greater than 1 AU, and will 
become hot Jupiters (i.e., for the present purposes, 
this means they will receive at least as much irradi- 
ation as the hot Neptune GJ 436b) before the end 
of stars' lives. Depending on the efficiency of tidal 
dissipation in RGB and AGB stars, many of these 
planets might eventually be tidally engulfed by their 



dave@ias.edu, Nikku. Madhusudhan@yale.edu 
1 See http://cxoplanct.cu (Schneider et al. 2011), or see 
http://exoplanets.org (i Wright et aJ J 120111 ) for a differently 
vetted list. 



stars (ICarlbere et al l [20091: IVillaver fe Lhdol [20091: 
INordhaus et al.ll2010f) . where they coul d play a role 
in shaping planetary nebulae (PNe) (|Soker et al 
19841: INordhaus fc Blackmanl 120061 : INordhaus eTal 



Z00(\) or c reating highly magnetized white dwarts 
()Nordhaus et alJuOllI) . Regardless of whether these 
planets are eventually swallowed by their stars, at 
some point in their futures they will be highly irra- 
diated. 

Some searches for evidence of planets and other 
companions to post-main-sequence stars have al- 
ready been undertaken. White dwarf atmospheres 
polluted by tidally shredded asteroids indicate the 
presence of distant pla netary companions aro und 
~30% of white dwarfs ([Zuckerman et all 120101 ) . A 
post-common-envelope 50-M,/ (Jupiter-mass) ob- 
j ect was found in a ti ght orbit around a white dwarf 
([Maxted et al.l [20061) . Tentative evidence has also 
suggested the existence of several other systems, 
including two sm all planets in tight or bits around 
a subdwarf star (jCharpinet et al.l 120111 ). and a jo- 
yian body around the pulsa t ing w hite dwarf GD-66 
(IMullallv et al.l [20071 l200l I2009T) — although re- 
cent data have complica ted the planetary hypothc- 
sis for the latter system (|Farihi e t al. 2012, Hermes, 
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Fig. 1. — Orbital separations where red-giant hot Jupiters can be found around a solar-type star. The evolution of a 1-Mq 
star's radius (magenta curve) is shown as a function of age in gigayears (Gyr), and the consequent levels of irradiation as a 
function of stellar age and orbital distance (color scale). Green curves show regions of (age, orbital radius) space where an 
object would receive the same incident irradiation as known various known highly irradiated objects: GJ 436b, HD 189733b, 
HD 209458b, TrES-4, HAT-P-7b, and WASP-33b. The red dashed curve shows how Jupiter's orbit will evolve purely under 
the influence of stellar mass loss, with a red dot at the end showing the position achieved at the end of our stellar model. Note 
that, in order to more clearly show the final, very brief part of the star's evolution, the time axis is stretched by a factor of 40 
during the ascent of the AGB phase (from 12.092 Gyr until the end of the model). The location where the time axis changes 
scale is marked with a thin blue line and hatch marks along the horizontal axis. 



private communication). Direct-imaging searches 
for warm companions to wh ite dwarfs have yet to 
find any (jHogan et all 12009). but ha ve not yet sur- 
veyed large numbers of stars. Finally, Uohnson et al.1 
(|2011[ ) has found a number of giant planets around 
slightly evolved, subgiant stars (and some of these 
planets will soon become hot Jupiters). 

Here, we consider the properties of "red-giant 
hot Jupiters" (RGHJs), a term that we use some- 
what loosely to refer generally to hot Jupiters 
around post-main-sequence stars that are on longer 
period orbits than their cousins around main- 
sequence-star. In iJ21 we calculate the range of or- 
bital distances at which a gas giant planet around 
a post-main-sequence star might be considered a 
hot Jupiter, and we consider possible heating of a 
planet's bulk interior. In <j3j we examine how the 
accretion of stellar wind (and perhaps rocky mate- 
rial) onto a RGHJ might pollute its atmosphere. In 
Sj4l we describe changes in Jupiter's chemistry and 
spectrum that will occur as the Sun evolves beyond 
the main sequence. In fj5j we describe some qualita- 
tive differences between the wind patterns expected 
on RGHJs and on main-sequence hot Jupiters. In 
UHl we conclude and speculate on the observability 
of RGHJs. 



2. BECOMING HOT 

In order to evaluate where around a post-main- 
sequence star the irradiation is sufficient to pro- 
duce a hot Jupiter, we use stellar evolution models 
with zero-age main sequence (ZAMS) masses rang- 
ing from 1 to 3 Mq. Our stellar models are cal- 
culated usin g the "E volve Zero-age Main Sequence 
(EZ) code" (|Paxtonl[200l ). For each initial stellar 
mass, we calculate the star's evolution through the 
main sequence and to the end of the AGB phase, 
using metallicity Z — 0.02. 

Figure [T] shows where red-giant hot Jupiters can 
be found as a function of age and orbital separa- 
tion, around a 1-Mq star. The evolution of a solar- 
mass star's radius and luminosity by showing where 
and when a companion would be irradiated simi- 
larly to various known hot Jupiters. The evolu- 
tion of Jupiter's orbit is shown, taking into account 
only stellar mass loss (which makes the orbit expand 
as M" 1 ) and neglecting tidal interactions between 
planet and star (which would generally tend to make 
the orbit shrink). 

Figure [2] shows the maximum distance at which 
a RGHJ could be found around stars ranging from 
1 to 3 times the mass of the Sun, at the time 



3 



35 ■ 



30 



25 ■ 



3 
< 

s 20 

CO 

S 15 



10 
5 




Maximum Flux 
Around Giant Stars 




7.5 m 864 



CO 

X 

H 8.5 
_co 

"q3 

■H — ' 

CO 
-Q 
13 
CO 

o 90 

cn 
o 



9.5 



9.8 



1152 



CO 

cr 

CO 

1537 g 



2049 * 



2733 



3211 



Fig. 2. — Maximum orbital separations where red-giant hot Jupiters can be found around 1 — 3-Mq stars. The level of 
irradiation is shown, as a function of orbital distance and stellar mass, at the time of a star's maximum luminosity. Green 
curves show regions of (stellar mass, orbital radius) space where an object would receive the same irradiation as several highly 
irradiated planets. 



when the stars will be maximally luminous. A com- 
panion could (briefly) receive irradiation of ^3 x 
10 7 erg cm -2 s _1 as far out as ^12 AU around a 
ZAMS 1-Mq star (during the RGB phase) or as 
far out as ~35 AU around a 3-M Q star (during the 
AGB phase). 

The detailed shape of the shaded "hot" contours 
in Figs. [T]and [2] depends on properties of stars (in- 
cluding metallicity and mass loss) that are surely 
not perfectly captured by our models, but the qual- 
itative features of our models should hold for real 
stars. Planets at a given hot region in cither the 
left or the right panel of this figure could have had 
main-sequence orbital separations that were either 
greater or less than the given abscissa - greater if 
tidal interactions are reducing the orbital separa- 
tion, less if stellar mass loss is causing it to expand0 
We note that more post-main-sequence hot Jupiters 
in a volume-limited survey will be found at moder- 
ate separation (one to a few AU) around subgiant 
and early giant branch stars than at more extreme 
separation around stars at the tip of the RGB or 
the AGB, simply because of the relative timescales 
of the respective stages of stellar evolution. 

Finally, a jovian planet that is sufficiently highly 

2 When the star is early on the subgiant branch, its angular 
rotation rate might not have decreased by much yet, and tidal 
interactions would actually cause companions whose orbital 
mean mo tion is less t han the stellar rotation rate to move out 
(see, e.g., [Lloyd 2011), similar to the Earth-Moon interaction. 



irradiated might achieve non-negligible ionization 
in its atmosphere. Winds crossing the planetary 
magnetic field could, therefore, induce an elec- 
tric field that would drive currents in the at- 
mosphere or in the deep interior, similar to an 
analogous process in main s equence hot Jupite rs 
(iBatvgin fc Stevenson! 120101: iPerna et all l2010aH bl: 
iBatygin et all 120111: iMenoul I2012f >. This process 
might be able to contribute to heating the bulk inte- 
rior of a planet0 In this way, Ohmic heating (or any 
other mechanism that converts irradiation energy 
into thermal energy in the deep interior), if viable, 
could "reset" a planet's evolutio nary clock, analo- 
gously to the process described bv llbgui fc Burrowsl 
(2009). The de generate stellar core that is left at 
the end of the AGB phase is itself extremely lu- 
minous, and might further contribute to heating 
(and reheating) a plan et that remains in the p lane- 
tary nebula (PN), and iVillaver fc Livid (|2007l) con- 
sider possible evaporation of a planet that might 
occur due to X-ray and ultraviolet irradiation. A 
giant planet's luminosity is generally thought to 
be a reasonably good indication of its mass, ir- 
respective of initial conditions ("hot-start," "cold- 
star," or "warm-start"), so long as the object is 
suffic iently old and its age is known (iMarley et all 
l2507Hpbrtney et al.ll200alSpiegel fc Burrowsll2012l ). 
However, if RGHJs or post-RGHJs are observed (or- 

3 We note, though, that lWu fc LithwicU 1)20121 ) argue that 
Ohmic dissipation cannot reinflate objects that have already 
cooled. 
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biting giant stars or the remnant white dwarfs, as- 
suming that they did not fully evaporate during the 
PN phase), it is conceivable that mass estimates 
based on photometry could be biased high if the 
object's orbit caused it to be sufficiently highly ir- 
radiated and if this potential reheating effect is not 
taken into account. 

However, there is an an important difference 
between RGHJs and main-sequence hot Jupiters 
in terms of the timescale during which the ob- 
ject is highly irradiated. Hot Jupiters around 
main-sequence stars need to convert only a small 
fraction of incident stellar irradiation to a form 
that heats the convective interior in order to 
have a strong influence on the bulk ther mal state 
(|Guillot fc Showmaiil2003lLiu et al.|[2008h . but this 
is because the objects can find a quasi-steady ther- 
mal state on a timescale of tens of millions of years. 
But the total energy intercepted by Jupiter dur- 
ing the Sun's RGB and AGB phases is probably 
insufficient to cause significant reheating, even if 
the energy were deposited deep in the convective 
core, simply because Jupiter will not receive ex- 
treme irradiation for a long enough time. Planets 
that are closer to their stars receive greater irradia- 
tion, but are at greater risk of being tidally engulfed 
by th eir stars (potentially c ausing observable signa- 
tures; [StruckJVlarccll 1988) and therefore might not 
survive to the end of the AGB phase. Since many 
of the most highly irradiated RGHJs will eventu- 
ally merge with their stars, it is unclear whether 
any of the objects that are on distant-enough or- 
bits to avoid engulfmcnt (i.e., to end up on the 
ou tside of the circum-wh ite-dwarf "gap" predicted 
by iNordhaus et al.l 120101 ) could be irradiated suffi- 
ciently to cause any significant bulk reheating. 



3. ACCRETING MATERIAL 

As stars ascend the RGB and the AGB, they 
lose mass much faster than they do when on the 
main sequence. Furthermore, since wind speeds are 
typically a multiple of the surfa ce escape spe ed that 
is of order a few times unity (jWillsonl 120001 ). giant 
stars' winds are much slower than those of main 
sequen ce stars. For instance, IZuckerman fc Dvckl 
(1989) examined a sample of ^100 AGB stars and 
found that their outflow velocities are often less than 
40 km s _1 , and tend to cluster around 5 — 25 km s^ 1 . 
A massive enough planet could have an escape speed 
that is greater than the relative speed v re i between 
the planet and the wind. In such a case, the planet 
will accrete the stellar wind material that it passes 
through, with an effective "accretion radius" that 
may be found by setting to zero the sum of the spe- 
cific gravitati onal and kinetic energ ies of wind par- 
ticles, as per IBondi fc Hovld (| 19441) or IDong et all 
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where M p and M* are the respective masses of the 
planet and the star, and a is the orbital semimajor 
axis, and vk is the Keplerian orbital speed. In par- 
ticular, when i? acc > R p (where R p is the planet's 
radius), the planet readily accretes stellar wind0 
When i? acc < R p , the situation is significantly more 
complicated, but even in this case some stellar wind 
material will surely be intercepted and accreted. 
For now, we consider planets massive enough that 
-Race > Rp, but the qualitative conclusions are not 
necessarily altered even if this condition is not met. 

If the planet accretes everything within i? acc , at 
its relative speed v TC \, the accretion rate is 
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{kRIcc) P[a]Vrel , 



(2) 



where p[a] is the wind density at the location of the 
planet: 



P[o] = ~fi 



4ira 2 v n 



(3) 



In Eq. ©, M* is the stellar mass- loss rate, v w is 
the speed of the stellar wind, and fi is the "wind 
isotropy factor," 1 for a purely isotropic wind and 
either less than or greater than 1 depending on if 
the wind is less or more dense at the planet's posi- 
tion than an isotropic wind would be. The planet's 
accretion rate may, therefore, be expressed as 
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To a rough approximation, the total accreted mass 
is 



V ™ V rel 



(5) 



where AM* mass lost by the star. 



The accreted mass can make a non-negligible 
contribution to the mass of the atmosphere already 
present. The mass, above pressure P, of the atmo- 
sphere of a planet whose surface gravity is g scales 
inversely with planet mass: 



M atm [P] = A-kR1- 
9 



GM V 



(6) 



4 Although some terrestrial planets' atmospheres might b e 
eroded by main sequence stellar winds (Zcndcias et al. 2010), 
evolved stars' winds consist of much lower energy particles 
and will tend to accrete onto jovian-mass planets. 
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The ratio of the accreted mass to the mass of the 
atmosphere above a given pressure level, then, is 



AM P GMp | AM* 



M atm [P] AvRpPMi 

~400 xf^ 



|AM* 
M*/2 



fc v K 



u rel 



(7) 



P 



100 bars 



M* 



(8) 



In eq. ([5]) we have assumed that /, « 1, i? p « 
and we have taken the velocity-dependent terms 
(the parenthetical term in eq. El) to be ~10~ 2 , the 
value appropriate for an object at 5 AU around 
a solar-mass star whose wind is 40 km s _1 . It is 
worth emphasizing that this ratio scales with the 
cube of the planet's mass. Equation ([7]) shows that 
massive planets and brown dwarfs could accrete a 
large multiple of their atmospheric masses, caus- 
ing atmospheric chemical abundances to be domi- 
nated by the abundances of accreted stellar mate- 
rial0 Although the accreted mass might be large 
compared with an object's the atmosphere mass, it 
is a small fraction of the object's total mass — of 
order ^10~ 5 x (M p / Mj)~ 2 — and ha s a negligi- 
ble effect on the orbit (|Villaver fc Liviol l2009'). It is 
possible that the Bondi-Hoyle accretion rate is an 
overestimate of the true rate at which a companion 
would accrete stellar wind, since much of the mate- 
rial inside i? acc but outside R p , although formally 
gravitationally bound to the companion, would have 
excess angular momentum that must be shed be- 
fore it is actually incorporated into the companion's 
atmosphere. Nevertheless, a massive enough com- 
panion will encounter an amount of gravitationally 
bound stellar wind material that is very large com- 
pared with the mass of its atmosphere, and it is 
difficult to avoid the conclusion that this has the 
capacity to strongly influence the companion's at- 
mospheric composition, especially since the atmo- 
sphere of a highly irradiated planet develops a deep 
radiative layer that is statically stable and might not 
efficiently mix with the deep interior of the planet 
(ISpieeel et al.ll200l . 

Figure [3] shows how the pollution of the planet's 
atmosphere with stellar wind material scales with 
planet mass, stellar wind outflow velocity, and or- 
bital separation. More massive planets accrete a 
greater multiple of the already-present atmosphere 
mass (ocMp), and planet accrete more readily when 
closer to the primary and when the wind velocities 
are lower. For a wide range of conditions, the planet 
accretes more mass than was previously present in 
the atmosphere at altitudes above the 100-bar iso- 



5 Sec Spiegel ct al. (2011) regarding the appropriateness of 
a mass-cut for distinguishing brown dwarfs from giant plan- 
ets. 



bar. 

The gravitational energy lost by stellar wind ma- 
terial as it falls onto the planet constitutes a power 
source (~GM p M p / 'R p ). Since M p is proportional to 
Mp (see eq. S]), the accretion luminosity L acc scales 
with as follows: 
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As in eq. ([8]), we have again taken the velocity- 
dependent terms to be ~10~ 2 (and fiRj/R p ~ 1). 
The shocked in-falling material achieves a charac- 
teristic temperature T acc found by equating fcgT acc 
to the energy lost per particle: 



r a , 



GMpTTlp 

ksRp 
< 2 x 10 6 K x 



( M v 
\10Mj 



(11) 
(12) 



where ks is Boltsmann's constant and m p is the 
proton mass. The accretion process, therefore, cre- 
ates an optically thin, soft- X-ray-emitting coronal 
envelope around the planet, which could produce a 
faint observational signature. If the accretion power 
is taken to be the X-ray luminosity, then this lu- 
minosity peaks at ~10 erg s _1 for the case of a 
10-Mj companion at 5 AU around a 1-M (ZAMS) 
primary. A more massive primary would have a 
somewhat more luminous accretion shock, with lu- 
minosities briefly reaching ~10 30 erg s^ 1 for a 10- 
Mj companion. 

Figure |4] shows the evolution of the accretion 
power, calculated with eq. in comparison to 
the intercepted stellar irradiation. This calculation 
assumes a 1-M Q (ZAMS) primary with a 10-Mj 
companion at a range of orbital separations, from 
3 — 10 AU and with a range of assumed wind ve- 
locities, from 10 — 40 km s . The accretion power 
exceeds the irradiating power for only a relatively 
small portion of the post-main-sequence evolution. 
Since accretion power scales with the cube of planet 
mass, the curves in Fig. |4] would scale up by a fac- 
tor of ~30 for a 30- Mj companion and down by a 
factor of 1000 for a 1-Mj companion (such that for 
a Jupiter-mass companion, the irradiation power at 
all times exceeds the accretion power) . 

An additional mechanism to add material to the 
planet's atmosphere involves ca p ture o f asteroids 
and planetesimals. iDong et al.l (|2010l ) point out 
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Fig. 3. — Approxiate ratio of accreted mass to atmosphere 
mass above 100 bars, for a 1 Mq primary. This figure is 
a visualization of equation J7J, for a range of planet masses 
(1 — 10 Mj), orbital separations (3, 5, and 10 AU, denoted by 
colors — blue, purple, and red, respectively), and stellar wind 
velocities (10, 20, and 40 km s , denoted by line thicknesses 
— thick, medium, and thin, respectively). A gray dashed 
line indicates the ordinate value 1, above which the mass of 
accreted material exceeds the mass of the atmosphere that 
was already present. 

that orbiting bodies that are sufficiently small can 
be dynamically affected by passing through stellar 
wind material, and can be dragged inward, changing 
their period ratios with respect to the Jupiter-mass 
object. If a significant number of these are accreted, 
this process could affect the bulk or atmospheric 
metallicity of the giant planet, and its element ra- 
tios. Note that c hanges in orbital ec centricity, of the 
sort described bv lVeras et al.1 (|2011| ). could also con- 
tribute to small bodies having RGHJ-orbit-crossing 
trajectories. Furthermore, in the ca se of a binary 
star system, iKratter fe peretsl (|2012t ) show that or- 
bital instabilities can cause a planet to migrate sig- 
nificantly, even to "hop" from one star to the other, 
which could again lead to significant accretion of 
small rocky or icy material. 

An evolved star that has gone through third 
dredge-up can hav e significantly altered atmo - 
spheric abundances (jKippenhahn fe Weigertl [l990). 
and a C/O ratio greater than unity even if on the 
main seq uence its C/O ratio had been near so- 
lar (-0.5; lAsplund et all [200 9) Fl A planet accret- 
ing such a star's wind, theref ore, could appear to 
be a ca rbon-enriched planet Q iMadhusudhan et al.1 
((201 laf ) found that multi-band infrar ed photome- 
try of WASP-12b (|Hebb et al.l 12001) suggests at 
high confidence that this planet has a C / O ratio 
of 1 or greater, and Madhusu dhan et al.l (j2011bf ) 

6 ILe Bertre et al.ll(200ll ) show that ~50% of mass loss from 
AGB stars is carbon-enriched. 

7 The planet's upper atmosphere might continue to remain 
carbon-enriched for as much as tens of millions of years after 
the end of the AGB phase (perhaps much less, depending on 
the strength of atmospheric mixing), after which the atmo- 
sphere will become well mixed with the deep interior and will 
no longer retain the memory of stellar wind pollution. 
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Fig. 4. — Ratio of the accretion power to the intercepted 
stellar irradiation, for a 10- Af, j planet around a 1 Mq pri- 
mary. This figure is a visualization of equation (01, for a 
range of orbital separations (3, 5, and 10 AU, denoted by col- 
ors — blue, purple, and red, respectively), and stellar wind 
velocities (10, 20, and 40 km s — 1 , denoted by line thicknesses 
— thick, medium, and thin, respectively). A gray dashed 
line indicates the ordinate value 1 , above which the accretion 
power exceeds the irradiating power. This occurs for only a 
narrow time window, outside of which the accretion power is 
only a small perturbation to the total heating of the planet. 

and lOberg et al.1 (|2011| ) explored formation condi- 
tions that are necessary to form a carbon-rich hot 
Jupiter around a main sequence star. Here, we have 
shown that a massive planet around an evolved star 
could acquire a carbon-enriched atmosphere, even if 
the bulk interior of the planet has different chemical 
abundances. We note that a similar process might 
act to change the composition of low-mass stellar 
companions (e. g., M stars or white dwarfs) of AGB 
stars , as well (jLivio fe Warner! Il984t iFarihi et al.l 
l2010h . 

4. CHEMICAL AND SPECTRAL SIGNATURES 

The changes in the incident irradiation experi- 
enced by a Jupiter around an evolving star cause 
distinct changes in chemical and thermal properties 
in the planetary atmosphere that can be observed in 
spectra. Here, we investigate the changes in chem- 
istry and emergent spectra of Jupiter as the Sun 
approaches the RGB phase. We model the disk- 
integrated emergent spectra of Jupiter at various 
effectiv e temperatures using the radia tive transfer 
code of IMadhusudhan fe Seagerl (|2009fh The code 
solves line-by-line radiative transfer in a 1-D plane- 
parallel atmosphere under the assumption of hy- 
drostatic equilibrium, local thermodynamic equilib- 
rium (LTE), and chemical equilibrium. For each 
planetary effective temperature we consider, we 
adopt a 1-D averaged thermal profile of the plan- 
etary a t mosph ere based on the analytic model of 
iGuillotl ([2010). We choose model parameters for 
the thermal profile such that its thermal gradient 
matches those of thermal profiles retrieved for exo- 
planets with similar irradiation levels (e.g. GJ 436b; 
IMadhusudhan fe Seageril2l)Tl"[ ). We consider all the 
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Fig. 5. — Post-main-sequence evolution of Jupiter's equi- 
librium temperature and atmospheric chemical composition. 
The temperature evolution is shown in gray (the gray curve 
is the planet's equilibrium temperature divided by 100 K, 
assuming that the star follows our adopted solar evolution 
model), and water, methane, carbon monoxide, and amonia 
mixing ratios are shown in red, blue, brown, and green, re- 
spectively. Solid/dashed curves indicate abundances assum- 
ing carbon-to-oxygen ratio of 0.5/1. These alternate C/O 
ratios illustrate possible changes in chemistry as a result of 
post-AGB atmospheric pollution or simply what might be 
found for planets with different primordial C/O ratios. The 
main effect of doubling the C/O ratio is simply to double 
the CH4 abundance. The evolution of the atmospheric wa- 
ter abundance is dramatic (and nearly independent of C/O 
ratio), from undetectable levels (as at present) to perhaps 
several times 10 -4 (depending on the as-yet unknown oxy- 
gen content of Jupiter) after the equilibrium temperature ex- 
ceeds the condensation point of water. The dominant carbon- 
bearing species (CH4 and CO) exhibit negligible temporal 
evolution in chemical equilibrium. 

major sources of opacity prevalent in H2-dominated 
atmospheres, namely, line absorption due to H2O, 
CO, CH4, CO2, and NH 3 , and continuum opacity 
due to H2-H2 collision-induced absorption. For a 
given thermal profile, we compute the mixing ratio 
profiles of the molecular species under the assump- 
tion of chemical equilibrium ([Burrows fc S harp 
1999). We also compute the equilibrium concen- 
trations of the various species over a wide range 
of planetary age, and hence thermal conditions, 
us ing the equi li brium chemistry code developed 
in iSeager et al.l (|2005T ) . an d updated /used in sev- 
eral following works (e.g. i Miller-Ri cci et al.l I2009L 
iMadhusudhan fc Seagerll2011[ ). 

The changes in the chemical composition of the 
jovian atmosphere with stellar age are shown in 
Fig. We discuss the evolution of the molecular 
mixing ratios of the dominant species (H2O, CO, 
CH4, and NH3) in chemical equilibrium at a nomi- 
nal pressure of 1 bar. The changes in chemistry are 
driven largely by the changing temperature of the 
atmosphere. 

An important consequence is the enhanced 
observability of H2O after a stellar age (t) of 
~11.76 Gyr (i.e., after the equilibrium temperature 
exceeds the sublimation point of water ice). At 



present, the H2O abundance in the jovian atmo- 
sphere is unknown. The low temperatures (T e fj ~ 
125 K) cause H 2 to condense out to the deep lay- 
ers (P > 10 bar) of the atmosphere, maki ng H2O 
inacc essible to spectroscopic observations (jAtreval 
2004). As the temperature increases beyond the 
condensation temperature of H2O, at ^11.76 Gyr, 
gaseous H2O becomes abundant in the atmosphere 
and hence would be observable in spectra from near- 
Earth space telescopes. H2O then continues to be 
the dominant oxygen-bearing molecule for the rest 
of the stellar lifetime A slight decrement in the 
H2O abundance is observed briefly as the star as- 
cends the RGB (t ~ 11.95 Gyr), when the planetary 
temperature exceeds ~600 K; at such temperatures, 
part of the oxygen (<10%) is bound in silicates. 

As for carbon-bearing species, most of the car- 
bon in the jovian atmosphere continu es to be in the 
form of CH4, as is presently known (jAtreval 120041 : 
Karkosch ka fe Tom asko 2010). In chemical equilib- 
rium, CO is predicted to be negligible for most of 
the stellar lifetime, and reaches a few ppm only at 
the peak temperatures (^900 K) when the star en- 
ters the RGB phase. However, our CO estimate 
is only a lower limit, since it is known that non- 
equilibrium chemistry in the form of vertical eddy 
diffusion can cause enhancements in the CO abun- 
dance by over two orders of magnitude, depend- 
i ng on the strength of large-scale vertical mixing 
(IHubenv fc Burrowsj|2007t IMadhusudhan fc Seagerl 
120111: IVisscher fc Mosesll2011l) . In late stages of the 
evolution, substantial accretion of stellar carbon- 
rich material onto the planetary atmosphere is ex- 
pected to enhance the C/O ratio of the planet. If 
present-day Jupiter is oxygen-rich, with C/O = 0.5, 
such as the Sun, a jovian atmosphere around an 
AGB star that has gone through third dredge-up 
(see 331) can potentially have a C/O >1, making 
it a Ca rbon-rich Planet fCRP: IMadhusudha n et all 
l2011bl ). As shown in Fig. [5j such an increase in the 
C/O ratio, due to increased carbon, causes an in- 
creased CH4 composition, while the consequences 
on the remaining species remain minimal at the 
temperatures under consideration^ 

The changes in chemistry and thermal irradia- 
tion cause concomitant signatures in the emergent 
spectra of the jovian atmosphere at various stages 
of the Sun's evolution. Figure [B] shows emergent 
spectra at 8 different effective temperatures, corre- 
sponding to different solar ages. At very low tem- 
peratures (T c g < 300 K), absorption features of 

8 For temperatures of T ~ 200 — 900 K that are relevant in 
this context, H2O is the dominant oxygen-bearing molecule 
and CH4 is the dominant carbon-bearing molecule in H2- 
dominated atmospheres, ir respective of the C/O ratio (e.g. 
Ma dhusudhan et al.|[2011bl ) . 

9 The chemical consequences of high C/O ratios are more 
readily apparent, e.g. via a substantially dec reased H2O 
abundance, at T > 1200 K (Madhusudha n et aLlfeOllbl) . 
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Fig. 6. — Example spectra of Jupiter as a function of equi- 
librium temperature, as seen from a distance of 5 AU. As 
Jupiter heats up, it becomes brighter by orders of magnitude 
in the near infrared part of the spectrum. Methane features 
dominate the spectra at very low temperatures, and water 
features become prominent as the equilibrium temperature 
exceeds the sublimation point of water ice. The red and 
the black curves are for the same equilibrium temperature 
(570 K), with and without H2O, respectively. The differ- 
ence between them clearly indicates the spectral influence of 
atmospheric H2O in the near infrared. 



methane dominate the spectrum, and water vapor 
is non-existent. As the jovian atmosphere continues 
to be heated with increasing insolation, the black- 
body continuum is enhanced in the emergent spec- 
trum. At the same time, features of water vapor 
become conspicuous as atmospheric temperatures 
exceed ^300 K. For the rest of the solar evolution, 
features of H2O and CH4 dominate the spectrum. 
Consequently, in the distant future (t > 11.8 Gyr), 
space telescopes will be able to derive the abundance 
of water vapor in the jovian atmosphere from in- 
frared spectraOO While the H 2 and CH 4 abun- 
dances so derived from spectra would provide esti- 
mates of the C/H and O/H elemental abundance 
ratios, a distinctive determination of whether the 
atmospheric C/O ratio exceeds unity (a nd hence is 
carbon-rich; iMadhusud han et aL1l2011bl) would re- 
quire that the C /H and O /H ratios be estimated to 
precisions better than a factor of ~2. The curves in 
Fig. [6] represent spectra as seen from a distance of 
5 AU, and may be scaled to represent fluxes from 
a hypothetical post-main-sequence Jupiter analog 
around a star at any distance d from us by multi- 
plying the values by 5.9 x 10~ 10 (d/l pc)~ 2 . 

5. ATMOSPHERIC MOTIONS 



10 At present, water vapor is under-abundant in the jo- 
vian atmosphere and h ence not observable in infrared spec- 
tra. The Juno mission (Bolton & Bolton 2010) currently en 
route to Jupiter is expected to measure the water abundance 
in Jupiter using microwave sounding. 

11 At this distant-future epoch, of course, the Earth will 
be uninhabitable by life as we know it. 



The Rhines length scale is a measure of 
the typical size of zonal bands of winds in 
a planetary atmosphere (IShowman et al.1 l2010t 
iVasavada fc Showman! 120051 ). This length scale, 
which describes the boundary between turbulent 
(small) scales and the scales at which coherent 
Rossby waves dominate, depends on flow speed 
U as follows: L Rh [/3] - ^(C//^) 1 / 2 , where is 
the northward derivative of the Coriolois parame- 
ter (/ = 2f2 sin [latitude]; and f2 is the planetary 
angular rotation rate). This length may be rewrit- 
ten as an angular scale by dividing by the planet's 
radius, yielding an equatorial Rhines angle that may 
be expressed as 

&Rh ~ 18 ° ( Wnr^ X 1%) (fj) ■ 

(13) 

Since post-main-sequence stellar evolution does 
nothing to increase the strength of the stellar tide 
raised on a planet, RGHJs at separations of ~1 AU 
or more are not tidally locked to their stars, and 
rotate at the same angular frequency they had 
during the main-sequence portions of their stars' 
lives. Their day lengths might be ~10 hrs if ex- 
trasolar Jupiters are similar to Jupiter and Sat- 
urn, or perhaps even significantly less if they spin 
as fast as the ~2— 3-hr periods that have been in- 
ferred for some brown dwarfs (jClarke et all l2002t 
lArtigau et al.ll200"9l ). We note that, lacking perma- 
nent day and night, RGHJs probably have more uni- 
form atmospheric temperature distributions than 
their tidally locked bretheren around main-sequence 
stars, and their heat redistribution parameter P n 
(describing the portion of day-side in cident flux that 
is re- radiated from the night side, per lBurrows et ail 
2006) might be very nearly 0.5. 

It is difficult to know exactly how fast typical 
wind speeds on RGHJs are likely to be, but it seems 
reasonable to assume they would be between the 
speeds of winds on Jupiter ( ~40 m s" 1 ) and those on 
mai n-sequence hot Jupiters. IShowman et al.l (|2010l ) 
and iMenoul (|2012j ) suggest two approximate scal- 
ing relations for how hot Jupiter zonal wind speeds 
depend on day-night temperature difference AT. If 
u ro t. q = £l p Rp is the equatorial rotation speed, then 
these two scaling relations can be written as 

/ k \ U 2 
Ux ~ — —NsftAT and U 2 l — , 

\M TO P / Vxot,eq 

(14) 

where /i is mean molecular weight in units of 
the proton mass and JVsh is the number of scale 
heights over which there is a vertical wind shear 
of U\ or U%, respectively! 12 ! For a hot Jupiter, 

12 Both expressi ons in Eq. I|14J | are found in 
I Showman et al.1 l|2010r ) and the latter (for "U2") is found in 
IMenoul H2012I) . 
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TABLE 1 
Scale of Atmospheric Features 



Object 


U 

(m s- 1 ) 


-Prot 

(days) 


R P 
(Rj) 




Jupiter 


~40 


0.4 


l 




Hot Jupiter 


~10 3 


4 


1.3 


~100° 


RGHJ 


~10 2 ? 


0.4 


1 


~10° 



Note. — This table presents typical values of wind- 
speed ([/), rotation period (P ro t), planetary radius (Rp), 
and angular Rhines scale (#Rh) for Jupiter, for a hot 
Jupiter around a main-sequence star, and for a red-giant 
hot Jupiter (RGHJ) that is too far from its star to be 
tidally locked. The small angular Rhines scale for the 
RGHJ suggests that it would have narrow-banded jets, 
similar to Jupiter and different from what dynamical 
models suggest for ordinary hot Jupiters. 

w r ot,cq, Ui, and U2 all are of order one or a 
few km s _1 . For a RGHJ, w ro t,cq is an order 
of magnitude greater, so, over Nsh = 3 scale 
heights, Ui ~ 1000 m s _1 (AT/10Q K) 1 / 2 , while 
U 2 ~ 100 m s" 1 (AT/100 K). 

In Table [TJ we provide a comparison of the 
angular Rhines scale for Jupiter, an ordinary hot 
Jupiter, and a RGHJ. Dynamical models suggest 
that wind speeds in hot Jupiter atmospheres are 
roughly a kilometer per second (iShowman et aLl 
l200a IRauscher fc Menoul [20091: IHeng et all 12011 
and many others). These extremely fast winds are 
largely driven by the strong day-night temperature 
contrast imposed by tidally locked rotation, and 
tend to be organized into large-scale jets (typical 
angular Rhines scale of ~100°). A RGHJ, lacking 
this strong temperature contrast, might have signif- 
icantly slower winds. In Table [TJ we have assumed 
100 m s _1 as an illustrative value. Since the angu- 
lar Rhines scale depends on wind speed to the 1/2 
power, errors of order unity in wind speed do not 
change the qualitative conclusion that the combina- 
tion of faster rotation and slower winds would lead 
the general character of atmospheric dynamics on a 
RGHJ to be more similar to that of Jupiter, with 
many narrow banded jets. 

6. CONCLUSIONS 

It has long been appreciated that as a star ex- 
pands and grows more luminous after its main- 
sequence lifetime, the orbital radii correspond- 
ing to a given equilibrium te mperature m o ve far - 
ther out from the star. ILopez et al.l ([20051 ) 
and lSchroder &: Connon Smith! ([2008D . for instance, 
considered the outward expansion of the habitable 
zone after a star leaves the main sequence, al- 
though whether life would be likely to have enough 
time to develop from abiotic conditions in the 



limited time available remains an open question 
(Spiegel fc Turnerl l2012). A large number of known 
exoplanets are far enough from their stars that they 
are not currently strongly irradiated but they will 
be in the future. To investigate the properties that 
such planetary companions will have in the future, 
when their stars are much more luminous, we com- 
puted a suite of post-main-sequence stellar models 
to see how far out an object could be and still plau- 
sibly be called a hot Jupiter around a sufficiently 
evolved star. We found that, as far out as ^35 AU 
from a 3-Mq star, a companion might transiently 
be highly enough irradiated to merit the moniker 
"hot Jupiter." We argued that massive planets 
might accrete an amount of stellar wind that is 
large compared with their own atmospheres, result- 
ing in significant atmospheric pollution if the stel- 
lar wind's composition is different from the planet's, 
and perhaps creating the atmospheric signature of 
a CRP (even if the planet's bulk composition is not 
carbon- rich) . We showed that an angular- Rhines- 
scale argument suggests that that RGHJs might be 
expected to have narrow-banded atmospheric jets, 
in contrast to main-sequence hot Jupiters. 

Detection of RGHJs might prove to be observa- 
tionally challenging. The probability that a planet 
transits its star increases dramatically as the star's 
radius increases by a factor of 100 or more, but rec- 
ognizing transits (or occultations) of RGHJs could 
prove nearly impossible, since the transit depth be- 
comes tiny (^10 ~ 6 ) and the dura tion could last 
weeks to months (Ass ef et al.l 12009] ). High-contrast 
imaging is a potential avenue for detecting photons 
from RGHJs, but the solar neighborhood is not rich 
in likely suitable targets and the required angular 
resolution to resolve companions to distant giant 
stars might be daunting, given present technology. 
It might actually be easier to find evidence of for- 
mer RGHJs than of current RGHJs, perhaps by 
surv eying white dwarfs f or companions at several 
AU (Gould fc Kilidl2008l) . Purely because of the 
timescale of photon diffusion, energetic arguments 
suggest that a companion should remain hot, after 
an AGB star fades into oblivion, for roughly as long 
as it had been highly irradiated (a few hundred mil- 
lion years). Such a reheated companion, perhaps 
identified by its infrared excess relative to the white 
dwarf's spectral energy distribution, might be mis- 
taken for a more massive companion. However, this 
potential source of confusion is quantitatively sig- 
nificant only for very young white dwarfs, since the 
thermal relaxation timescale of a reheated planet is 
also of order a few hundred million years, short in 
comparison to a Hubble time. 

The searches for exoplanets in the last two 
decades have uncovered many surprises. Here, we 
investigated the properties of a category of giant 
planets that might be found soon and that have 
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not been studied in detail previously. Hot Jupiters 
around post-main-sequence stars must exist in the 
Galaxy and represent a future evolutionary stage of 
many of the known jovian-mass planets, including 
our own Jupiter. 
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